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Abstract:  
Perovskite solar cells are one of the most attracting cells because of remarkably 
improved power conversion efficiency (PCE) recently.  Toward their practical 
application, it is important not only to increase the PCE but also to elucidate the 
deterioration mechanism.  Here, we present operando direct observation of spin states 
in the cells using electron spin resonance (ESR) spectroscopy in order to investigate the 
operation and deterioration mechanisms from a microscopic viewpoint.  By 
simultaneous measurements of solar-cell and ESR characteristics of the same cell, the 
spin states in the hole-transport material (HTM) spiro-OMeTAD are demonstrated to be 
changed at the molecular level, which varies the device performance under device 
operation.  These variations are ascribed to the change of hole transport by charge-
carrier scatterings and filling of deep trapping levels in the HTM, and to interfacial 
electric dipole layers formed at the HTM interfaces.  In addition, reverse electron 
transfer from TiO2 layer to the HTM layer is directly demonstrated at the molecular level 
under ultraviolet light irradiation, which causes the decrease in the HTM doping effect.  
Thus, conducting such operando microscopic investigation on the internal states in the 
cells would be useful to obtain a new further guideline for improving the device 
performance and durability. 
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Introduction 
 
Organic-inorganic hybrid perovskites have been actively studied because they 
can be easily fabricated by solution methods at low cost and thus are useful for electronic 
devices such as solar cells1-5, light-emitting diodes6,7, and transistors8,9.  Especially, 
perovskite solar cells have remarkably improved their power conversion efficiencies 
(PCEs) recently10.  Today the PCE more than 24% has been reported, which is 
comparable to that of silicon solar cells, and the study for further PCEs improvement has 
been conducted10.  Perovskite layers are utilized as photoactive layers in the cells, and 
wide light-absorption wavelength and long carrier lifetime have been reported11-13.  
  
 Toward the practical application, it is important not only to increase the PCE but 
also to elucidate the deterioration mechanism of the devices.  There are extrinsic and 
intrinsic factors which cause the performance deterioration.  Extrinsic factors, for 
example, effects of moisture and oxygen, have been discussed14-17, where the device 
performance deteriorates when oxygen in the air reacts with the perovskite layer during 
device operation14, and the perovskite layer is decomposed by moisture15.  In order to 
prevent such extrinsic deteriorations, the study under inert gas such as N2 or Ar has been 
conducted17.  The researches on the degradation by extrinsic factors have been actively 
4 
 
performed.  For the intrinsic factors, it has been discussed that iodine in the perovskite 
moves and causes defects during device operation18.  However, there are still many 
unknown factors about the intrinsic deterioration.  In order to clarify the factors of 
intrinsic degradation, it is important to elucidate the charge and defect states in the 
perovskite solar cells at a molecular level from a microscopic viewpoint; these states are 
often accompanied by spins. 
 
 For investigating microscopic properties such as spin states in electronic devices 
and their materials, electron spin resonance (ESR) spectroscopy is a useful technique19-21.  
ESR method is able to identify the molecules where charges with spins exist and to 
determine the absolute number of spins by nondestructive operando observation of solar 
cells22,23.  For organic solar cells, operando ESR spectroscopy has shown that the charge 
accumulation and formation (or spin accumulation and formation) in molecules cause the 
deterioration of the device performance, where the origin of the intrinsic deterioration 
factor has been clarified22-24.  ESR studies on perovskite solar-cell materials of a 
perovskite CH3NH3PbI3 and hole transport materials (HTMs) 2,2’,7,7’-tetrakis-(N,N-di-
p-methoxyphenylamine)9,9’-spirobifluorene (spiro-OMeTAD) or poly(3,4-
ethylenedioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS) have been performed, 
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which have demonstrated the microscopic observation of the effect of Li-TFSI doping on 
spiro-OMeTAD25 and the charge transfer between CH3NH3PbI3 and PEDOT:PSS26.  
However, detailed research for perovskite solar cells using operando ESR spectroscopy 
has not yet been conducted.  Such research on spin states in perovskite solar cells from 
a microscopic viewpoint is important to elucidate the intrinsic deterioration mechanism 
in the devices. 
 
Here, we study the intrinsic deterioration mechanism in perovskite solar cells 
with operando ESR spectroscopy from the microscopic viewpoint at a molecular level.  
The internal states such as spin states during device operation have been investigated by 
measuring the device characteristics and ESR signals due to charges with spins at the 
same time using the same device.  As a result, a clear change in the charge/spin states in 
the devices has been observed; the changes are correlated with the device performance.  
Such findings at the molecular level contribute the elucidations of not only the 
performance deterioration mechanism but also the operating mechanism in details, which 
would be important for further improvements of performance and durability of perovskite 
solar cells. 
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Experimental 
 To perform highly sensitive and precise ESR measurements, it is necessary not 
only to seal the device in an ESR sample tube of a 3.5 mm inner diameter but also to 
improve ESR’s signal-to-noise (S/N) ratio.  For this purpose, a rectangular 3 × 20 mm2 
indium-tin-oxide (ITO) nonmagnetic quartz substrate with a 2 × 10 mm2 elongated active 
area was used.  As a perovskite solar cell, we fabricated the device structure of 
quartz/ITO (150 nm)/compact TiO2 (20 nm)/CH3NH3PbI3 (300 nm)/spiro-OMeTAD (300 
nm)/Au (100 nm) as shown in Figure 1a.  The reason for using this simple structure 
without a porous TiO2 layer is that this work is the first operando ESR study of perovskite 
solar cells, and that we try to study the phenomena in the cells as simple as possible 
because the interfaces between porous TiO2 and perovskite layers cause complicated 
phenomena such as hysteresis behavior in current-voltage characteristics.  The layered 
samples of quartz/ITO/spiro-OMeTAD and quartz/ITO/compact 
TiO2/CH3NH3PbI3/spiro-OMeTAD were fabricated to analyze the ESR results of the cells. 
Compact TiO2 was fabricated by a sputtering on quartz/ITO substrate which was cleaned 
by UV ozone.  PbCl2 (0.2464 g), MAI (0.4259 g), and DMF (1.0 mL) were mixed as a 
perovskite solution, which was stirred for 3 h in a nitrogen-filled glove box (O2 of < 0.2 
ppm, H2O of < 0.5 ppm).  Thereafter, the solution was filtered and spin-coated on 
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compact TiO2, stored in the glove box for 30 min, and annealed at 90 °C for 3 h to form 
a perovskite layer in the glove box.  As a solution of HTM, spiro-OMeTAD (73.0 mg), 
a lithium salt lithium bis(trifluoromethanesulfonyl) imide (Li-TFSI, 9.2 mg), a solvent 4-
tert-butylpyridine (TBP, 28.8 μL), a cobalt complex tris(1-(pyridin-2-yl)-1H-
pyrazol)cobalt(II) bis(hexafluorophosphate) (FK102, 8.7 mg), and chlorobenzene (1 mL) 
were mixed and stirred.  Li-TFSI, TBP, and FK102 were used as dopants for improving 
device performance27.  The solution was filtered and spin-coated on the perovskite layer, 
and then dried at 75 °C for 30 min to form a spiro-OMeTAD layer.  Finally, a gold 
electrode was formed by a vacuum evaporation method.  After fabricating the device, it 
was inserted into an ESR sample tube and then sealed in the glove box.  Figure S1 shows 
the current density-voltage (J-V) curves of a fabricated perovskite solar cell.  An energy 
diagram of the fabricated device is shown in Figure 1b27.  
  
 ESR measurements were performed with an X-band ESR spectrometer (JEOL 
RESONANCE, JES-FA200) under dark conditions or simulated solar irradiation with a 
solar simulator (Bunkoukeiki, OTENTOSUN-150LX; AM1.5, 100 mW cm−2).  To 
examine the influence of ultraviolet (UV) rays, we measured the sample under simulated 
solar irradiation with a filter that cuts short wavelengths of ≤ 440 nm.  The measured 
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temperatures were between 4 K and room temperature (RT).  The ESR parameters, g 
factor, ESR linewidth, and the number of spins, were calibrated with a Mn2+ standard 
marker.  In the present ESR measurements, a continuous wave method with a lock-in 
detection for an external magnetic field with a 100 kHz modulation frequency was used.  
Thus, charge carriers with a short lifetime (≤ 10 μs) contributing to normal device 
operation is undetectable, and only charges accompanied with spins with a long lifetime 
(≥ 10 μs) in the device can be observed. 
 
Results & Discussion 
 It is important for perovskite solar cells to clarify the origin of the deterioration 
of the device performance, which can be performed by observing the spin states from a 
microscopic viewpoint, as discussed for study of organic solar cells22-24.  The long-lived 
spin states can be clearly observed by ESR measurements.  To observe spin states in the 
internal device during operation and to investigate the correlation with the device 
performance, the device performance and ESR signals at RT under simulated solar 
irradiation were simultaneously measured.  In Figure 2a,b, we present operando ESR 
spectra of the perovskite solar cell under simulated solar irradiation, which were measured 
under short- and open-circuit conditions, respectively.  The axis of ordinates is plotted 
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with a unit of the peak-to-peak ESR intensity (IMn) of the Mn2+ standard sample, where 
the number of spins of Mn2+ is 1.48×1013.  The ESR signals increased with increasing 
the duration of simulated solar irradiation.  The measured g factors are g = 
2.0031±0.0001.  This g factor is ascribed to holes with spins in spiro-OMeTAD25, as 
described later in details.  The ESR-intensity increase represents the accumulation of 
long-lived holes (lifetime: ≥ 10 μs), which demonstrates that the hole accumulation occurs 
in the high-efficient perovskite solar cell under simulated solar irradiation. 
 
 Comparing this hole accumulation with the device performance is an interesting 
issue, which can be conducted by observing the change in the number of spins in the 
device.  The number of charges accompanied with spins, Nspin, can be evaluated with the 
double integration of the ESR spectrum and the comparison of the value with that of the 
Mn2+ marker sample25.  We will discuss the transient response of the Nspin with simulated 
solar irradiation on or off.  Figure 2c,d exhibits the comparison between the Nspin and 
short-circuit current density Jsc(t)/Jsc(0) or open-circuit voltage Voc(t)/Voc(0) under short- 
or open-circuit conditions, respectively, which are normalized with the values of the 
initial state.  Under short-circuit conditions, the Jsc rapidly decreased and then gradually 
increased when the Nspin increased.  However, the Voc monotonically decreased when the 
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Nspin increased under open-circuit conditions.  As demonstrated by Figure 2c,d, we have 
found clear correlations between the Nspin and changes of the device performance; the 
detailed correlations will be discussed later. 
 
 From now on, we discuss the ESR origin for the signal with g = 2.0031 shown 
in Figure 2a,b, which identifies the layer with charge/spin accumulation.  In the ESR 
measurement of this device, the signals from ITO and Au were not clearly observed, 
which is because they are thin films with metallic states, that is, Pauli paramagnetic states 
with lower ESR intensity compared to Curie paramagnetic states due to isolated spin 
species, and the ESR intensities are below the detection limit of the experiment.  In 
addition, since the spin lattice relaxation times of TiO2 and CH3NH3PbI3 are very short at 
RT, the ESR linewidth of these ESR signals becomes too broad to observe the ESR signal 
at RT25,26,28,29.  That is, only spiro-OMeTAD’s ESR signal can be observed at RT.  This 
observation has been reported in the previous study with spiro-OMeTAD films with Li-
TFSI dopants, where the ESR signal of holes, in other words, of radical cations or 
diradical dications, is observed at RT25.  Similarly, it is expected that the ESR signal 
from holes in spiro-OMeTAD due to FK102 dopants can be observed by ESR 
measurement.  Figure 3a shows the data of a layered film of ITO/spiro-OMeTAD, where 
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ESR signal (g = 2.0031±0.0001) was observed under dark conditions and simulated solar 
irradiation, respectively.  The axis of ordinates is plotted with the IMn unit using a Mn2+ 
marker sample with the number of spins of 4.16×1013.  The observed g value is fully 
consistent with that reported in the previous studies for spiro-OMeTAD with Li-TFSI or 
H-TFSI dopants25,30.  Therefore, it is found that the g factor of g = 2.0031 is ascribed to 
holes formed in the spiro-OMeTAD film doped with Li-TFSI and FK102.  From this 
result, we can identify that the ESR signal of g = 2.0031 observed for the device comes 
from holes in spiro-OMeTAD.   
 
 Here, we discuss the doping levels in the spiro-OMeTAD film on the basis of the 
ESR characteristics.  When this layered film was irradiated with simulated solar 
irradiation for 8 h, the Nspin hardly changed as shown in Figure 3b.  In contrast, it has 
been reported that the Nspin increased with increasing the duration of simulated solar 
irradiation for the spiro-OMeTAD films without or with Li-TFSI doping25.  In the 
previous study, the spiro-OMeTAD film was only doped with Li-TFSI25, whereas the 
present spiro-OMeTAD film was doped with FK102 in addition to Li-TFSI.  To compare 
the doping effects between Li-TFST and FK102, we evaluated the doping level per a 
spiro-OMeTAD monomer unit with the density (1.82 g cm−3) of the spiro-OMeTAD thin 
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film31 and the volume (1.35×10−3 cm3) of the present spiro-OMeTAD film.  As a result, 
the doping level in the spiro-OMeTAD film with FK102 and Li-TFST dopants is 
evaluated as 10.6% or 5.3% in the cases of radical cations or diradical dications formation, 
respectively.  This value is one order of magnitude higher than 0.90% or 0.45% that have 
been evaluated for the spiro-OMeTAD film doped with only Li-TFSI25.  Therefore, we 
demonstrate at a molecular level that FK102 has a stronger doping effect than Li-TFSI.  
This result may indicate that the deep trapping levels due to amorphous nature of spiro-
OMeTAD are filled by holes due to the FK102 doping, and that the photogenerated charge 
carriers due to charge separation rapidly recombine without trappings, which may result 
in the almost unchanged Nspin under simulated solar irradiation. 
 
 To check experimentally whether charge/spin accumulation didn’t occur in 
layers other than spiro-OMeTAD, low-temperature ESR measurements were performed 
on the device below 100 K after simulated solar irradiation at RT.  We have performed 
a fitting analysis with two components for the observed ESR spectrum, which is shown 
in Figure 4.  The signal with g = 2.0009 (Comp. 1) is ascribed to dangling bonds in the 
quartz substrate32, which has been formed by the UV-ozone treatment during substrate 
cleaning.  The signal with g = 2.0031 (Comp. 2) is derived from spiro-OMeTAD, as 
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discussed above.  Similar result has been obtained from the ESR measurement at 4 K.  
Since signals other than spiro-OMeTAD were not observed, we conclude that the 
charge/spin accumulation only occurs in the spiro-OMeTAD layer.  In the following, we 
compare the Nspin in spiro-OMeTAD with the device performance. 
 
 We turn to a discussion of the changes of the device performance under device 
operation from a microscopic viewpoint.  As presented in Figure 2c, the Jsc of the cell 
rapidly decreased (see the inset) and then gradually increased (see the main panel) when 
the Nspin increased under short-circuit conditions.  The studies of organic solar cells have 
reported the Jsc decrease due to charge-carrier scatterings by charge accumulation in 
cells22,33,34.  When the charge-carrier scatterings occur due to hole accumulation or 
formation, the current density j of a solar cell may be described with a following equation 
based on the Matthiessen’s rule with charge density (n), electric elemental quantity (e), 
charge mobility () in the cell, internal electric field (E), charge mobility before (
SC
) and 
after hole accumulation (
HA
), and a proportional constant (c)33,34: 
j = neE = ne
SCHA
HA+(SC/c)Nspin
E                         (1) 
In this study, we use the modified expression of j using μ(0) (= μSC) and μ(Nspin) (= μHA) 
as a function of Nspin, where μ(0) and μ(Nspin) are the charge mobility in spiro-OMeTAD 
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before and after device operation; the Nspin is the number of formed or accumulated holes 
accompanied with spins.  Then, Eq. (1) can be deformed using μ(0) and μ(Nspin) to the 
following equation: 
j= ne
μ(0)
1+(
μ(0)
μ(Nspin)c
)Nspin
E                             (2) 
 
 According to Eq. (1), the j decreases when the Nspin increases, which explains the 
rapid decrease in the Jsc observed just after the light irradiation as shown in the inset of 
Figure 2c.  However, according to Eq. (2), if the μ(Nspin) is largely improved from the 
μ(0) with Nspin, that is, μ(Nspin) >> μ(0), the j can increase when the Nspin increases.  This 
μ(Nspin) improvement explains the gradual Jsc increase after 2 h light irradiation as shown 
in the main panel of Figure 2c.  The charge mobility in spiro-OMeTAD has been 
reported to be largely improved when the Li-TFSI dopants are added to spiro-
OMeTAD35,36.  In the present study, it is probable that the charge mobility in spiro-
OMeTAD is similarly improved by the hole accumulation due to the fillings of deep-
trapping levels.  Thus, we may conclude from this study that the gradual Jsc increase 
under short-circuit conditions can be explained by the increase in the charge mobility; 
this result is ascribed to the hole accumulation in spiro-OMeTAD in the solar cell during 
device operation. 
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 We comment on the Jsc variation before and after 2 h light irradiation.  The 
change of the Jsc variation after 2 h light irradiation may indicate that the redistribution 
of hole accumulation in the spiro-OMeTAD film.  That is, the sites with hole 
accumulation in the initial state before 2 h light irradiation may concentrate at the 
perovskite/spiro-OMeTAD interfaces due to hole transfer from perovskite to spiro-
OMeTAD, which may primarily cause the charge-carrier scatterings at around the 
interfaces.  After 2 h light irradiation, the hole-accumulation sites may be redistributed 
to deep-trapping levels in the spiro-OMeTAD film, which may primarily cause the 
improvement of charge mobility in the spiro-OMeTAD film, as discussed above.  
  
 Next, we discuss the charge/spin states under open-circuit condition.  The 
charge accumulation in the device has been reported to affect the potential distribution in 
the device22,37,38.  Under open-circuit conditions as shown in Figure 2d, the Voc 
decreased as the hole accumulation increased.  The studies of organic solar cells have 
discussed that when hole accumulation occurs in p-type polymers at the interfaces 
between photoactive and hole-transport layers, a vacuum-level shift occurs and decreases 
the Voc22,33,37.  In this study, it is expected that the Voc decrease is influenced by the shift 
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of the vacuum level owing to accumulated holes at the interfaces between spiro-OMeTAD 
and gold electrode, because the perovskite layer has no charge accumulation and the 
electron accumulation in the metallic gold electrode may be unobservable due to the Pauli 
paramagnetism and the ESR detection limit as mentioned above.  It has been argued that 
when charge accumulation occurs, the variation of the Voc (ΔVoc) is related with the 
variation of hole accumulation Nspin (ΔNspin) using a following equation with an interfacial 
electric dipole length (d), the permittivity constant in vacuum (ε0), a dielectric constant of 
spiro-OMeTAD (εr)39, an area (S) at the spiro-OMeTAD/Au interface in the device as 
follows33: 
ΔVoc =
ed
ε0εrS
ΔNspin                                 (3) 
As shown in Eq. (3), the ΔVoc have a proportional relationship with the ΔNspin, which 
explains the correlation between the Nspin and Voc(t)/Voc(0) as shown Figure 2d.  Thus, it 
is suggested that the charge accumulation at the spiro-OMeTAD/Au interfaces contributes 
to cause the Voc decrease under open-circuit conditions.  In other words, the interfacial 
electric dipole layer may be formed at the spiro-OMeTAD/Au interfaces.      
 
 Finally, we discuss the origin of the large Nspin decrease of the device after 
turning off simulated solar irradiation for long duration as shown in Figure 2c,d.  To 
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investigate the origin, we studied a layered sample of quartz/ITO/compact 
TiO2/CH3NH3PbI3/spiro-OMeTAD without gold electrode because the sample is useful 
to avoid the effect of the interfacial electric dipole layer formed at the spiro-OMeTAD/Au 
interfaces.  The observed result is shown in Figure 5a, where a large decrease in the Nspin 
has been observed after turning off simulated solar irradiation, as in the case of the device.  
One of factors for the Nspin decrease seems to be ascribed to the recombination of charges 
which were photogenerated by the charge separation.  However, this charge 
recombination cannot explain the behavior that the Nspin decreases further below the initial 
value obtained before light irradiation.  Thus, the other factor for the decrease may be 
ascribed to the reverse electron transfer from TiO2 to spiro-OMeTAD by light irradiation 
(see Figure 1b)27,40.  TiO2 is known to release electrons when TiO2 is irradiated with UV 
light41.  It has been argued that the reverse electron transfer from TiO2 layer to spiro-
OMeTAD layer occurs through voids in the perovskite layer in the solar cells40.  This 
reverse electron transfer reasonably explains the decrease in the Nspin of holes in spiro-
OMeTAD from the initial value after irradiation off shown in Figure 5a.  To investigate 
the effect of UV-light irradiation on the Nspin decrease, we used an UV-light filter that cuts 
the light below 440 nm, and compared the change of the Nspin under simulated solar 
irradiation with and without UV light.  Figure 5b shows the transient response of the 
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Nspin on simulated solar irradiation without UV light.  In contrast to the case under 
simulated solar irradiation with UV light, the Nspin did not decrease below the initial value 
after turning off the irradiation without UV light.  Thus, we may conclude that the 
reverse electron transfer from TiO2 to spiro-OMeTAD occurs in the layered sample and 
device due to UV light excitation, which explains the reason why the doping 
concentration in spiro-OMeTAD decreased from that before light irradiation.  The 
finding indicates that the device performance can be kept by preventing the reverse 
electron transfer from TiO2 to spiro-OMeTAD through the perovskite layer, in other 
words, by maintaining the doping effects in spiro-OMeTAD. 
 
Conclusion 
 We have directly investigated the spin states in the perovskite solar cells at the 
molecular level during device operation under simulated solar irradiation.  Operando 
ESR spectroscopy demonstrates that the change of the doping states in the HTL spiro-
OMeTAD varies not only the Jsc due to charge-carrier scatterings and charge-mobility 
improvements under short-circuit conditions but also the Voc due to the formation of 
interfacial electric dipole layer under open-circuit conditions.  Our results have shown 
the clear correlation between the number of spins in the cells and the device performance.  
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Also, we have proved from the microscopic viewpoint that the following points are 
important to prevent the device-performance degradation: 1) the improvement of the 
charge mobility in spiro-OMeTAD, which can be performed by increasing the doping 
levels due to deep-trap fillings without large charge-carrier scatterings, and 2) the 
prevention of the formation of the interfacial electric dipole layer in the device.  In 
addition, it has been directly demonstrated at the molecular level that the reverse electron 
transfer from TiO2 layer to spiro-OMeTAD layer occurs through the perovskite layer by 
UV-light irradiation.  Since this reverse electron transfer causes the decrease in the 
doping levels in spiro-OMeTAD in the device, the prevention of void formation in 
perovskite layers is essential not only to decrease the leakage current but also to maintain 
the spiro-OMeTAD doping effects.  Thus, the present operando spin analysis of solar 
cells from a microscopic viewpoint would be useful to obtain further detailed information 
about the operation and degradation mechanism, which may give a new guideline for 
improving the device performance and durability, and also be useful for other perovskite 
solar cells. 
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Figure 1 | Schematic of a perovskite solar cell and the energy-level diagram.  
a, Schematic structure of the perovskite solar cell of quartz/ITO/compact 
TiO2/CH3NH3PbI3/spiro-OMeTAD/Au used in this study.  b, Energy diagram for 
each component of the cell. 
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Figure 2 | Operando ESR spectra and the correlation with the device performance.  
a,b, Time variation of ESR spectra of a solar cell (quartz/ITO/compact 
TiO2/CH3NH3PbI3/spiro-OMeTAD/Au) under simulated solar irradiation on or off at 
room temperature (RT) under short- (a) and open-circuit conditions (b), respectively.  
The direction of an external magnetic field (H) is parallel to the substrate plane.  The 
spectra were measured by averaging data under the light irradiation during 30 min.  c,d, 
Time variation of the Nspin (red circle) and Jsc (blue solid line) (c) or Voc (blue solid line) 
(d) of the cells under simulated solar irradiation on or off at RT.  The Nspin were 
measured with the averaged ESR spectra under the light irradiation during 30 min, and 
are plotted at each averaged time over 30 min. 
 
31 
 
  
Figure 3 | ESR spectra of an ITO/spiro-OMeTAD layered film.  a, Time variation 
of ESR spectra of a quartz/ITO/spiro-OMeTAD layered film under simulated solar 
irradiation at RT, which were measured by averaging data over 1 h.  b, Time variation 
of the Nspin of the layered film under simulated solar irradiation on or off at RT.  The 
Nspin were obtained with the averaged ESR spectra under the light irradiation for 1 h.  
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Figure 4 | ESR spectrum and the fitting analysis of the perovskite solar cell at 100 
K.  ESR spectrum of the cell was observed at 100 K under open-circuit conditions 
after 20 h simulated solar irradiation at RT.  The data is explained by a fitting 
calculation analysis using a least-squares method.  
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Figure 5 | Effect of UV-light irradiation on a perovskite-solar-cell layered film.  
a,b, Transient response of the Nspin of a quartz/ITO/compact TiO2/CH3NH3PbI3/spiro-
OMeTAD layered film on simulated solar irradiation (a) or on simulated solar irradiation 
without UV light (b) at RT.  The Nspin were measured with the averaged ESR spectra 
under the light irradiation over 30 min.  
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S1. Device performance 
 
Figure S1 | J-V curves of a perovskite solar cell.  Current density-voltage (J-V) 
characteristics of a perovskite solar cell fabricated on an ITO substrate, where the blue 
and red lines show the data under dark conditions and under simulated solar 
irradiation, respectively.  
